Nitrous oxide (N 2 O) is known as a greenhouse gas and a dominant ozone-depleting substance. It is is released mainly from agricultural processes. Therefore, the development of an on-site monitoring system is required to measure N 2 O concentration and control the release from the source. Using oxygen-insensitive cytochrome c-type nitrous oxide reductase, wNosZ, from Wolinella succinogenes, we have developed an electrochemical enzyme sensor. The sensor signal depends on the concentration of N 2 O in a reaction cell containing methoxy-5-methylphenazinium methylsulfate (mPMS) as an electron mediator under Ar atmosphere and, surprisingly, under air. Moreover, in the absence of addition of an electron mediator to the reaction cell, we observe that the reduction current depends on the concentration of N 2 O, which implies direct electron transfer. The wNosZ electrode is stable when stored at 4°C for 2 weeks and is specific to N 2 O. These results suggest that wNosZ holds great promise as a component of a novel direct-electron-transfer-type electrochemical sensing system for N 2 O.
Introduction
Nitrous oxide (N 2 O) is a greenhouse gas with a global warming potential that is approximately 310 times higher than that of CO 2 . Recently, nitrous oxide has been found to be a dominant ozonedepleting substance. Agricultural activities are a major source of atmospheric N 2 O emission. The microbial processes of nitrification and denitrification naturally produce N 2 O in soils. Further, anthropogenic addition of nitrogen fertilizers increases the amount of N 2 O emission released into the atmosphere. Moreover, N 2 O is emitted during industrial activities such as fossil fuel combustion and from waste treatment or disposal facilities.
Generally, N 2 O concentrations in the natural environment are measured using a gas chromatograph coupled with headspace gas sampling. However, this method is cumbersome and costly and is not adaptable to on-site monitoring of N 2 O.
A promising alternative is the development of enzyme-based biosensors. Nitrous oxide reductases (Nos) are enzymes that catalyze the conversion of nitrous oxide to N 2 in a two-electron transfer reaction:
Nos have been purified and characterized from many bacteria but have not been applied to biosensor components because of their instability with respect to oxygen and the necessity of an electron mediator such as methyl viologen, which is easily oxidized under aerobic conditions. We have previously reported a unique glucose dehydrogenase, FADGDH. This enzyme is a flavoprotein that consists of three subunits: the catalytic subunit containing FAD, the cytochrome c subunit that harbors heme c as the electron transfer subunit, and a small subunit that acts as a chaperone-like component. FADGDH exhibits direct electron transfer from the catalytic center of the enzyme to the electrode via the cytochrome c subunit, without the need for a synthetic electron mediator. Therefore, we have previously reported on the construction of a direct-electrontransfer-type enzyme fuel cell that utilizes FADGDH as an anode enzyme.
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In this study, we used cytochrome c-type Nos isolated from a rumen bacterium, Wolinella succinogenes (wNosZ), for the biosensing of N 2 O. This homodimeric enzyme has been reported to maintain its activity even when it is prepared in the presence of oxygen. 8 Each subunit consists of a copper-containing catalytic domain and a cytochrome c domain. The cytochrome c domain may transfer electrons directly from the electrode and the catalytic domain (Scheme 1). We constructed an wNosZ-based enzyme electrode and examined the possibility of direct electron transfer between the wNosZ and the electrode in the absence of an artificial electron mediator. Scheme 1. Schematic representation of direct electron transfer reaction of Wolinella succinogenes wNosZ. wNosZ is a homodimeric enzyme, and each monomer consists of three domains: Cu Z domain, Cu A domain, and Cytc domain.
Experimental

Materials
W. succinogenes ATCC 29543 was purchased from American Type Culture Collection (VA, USA). Lion Paste W-311N was provided by Lion (Tokyo, Japan). Glutaraldehyde solution (25%, w/v) was purchased from Wako Pure Chemicals (Osaka, Japan). Nafion, a perfluorinated resin solution, was purchased from SigmaAldrich (St. Louis, MO). All other chemicals were of reagent grade.
wNosZ preparation
W. succinogenes was cultivated anaerobically for 45 h at 37°C in a culture broth containing 0.5% yeast extract, 0.8% nutrient broth, 3% trypticase peptone, 100-mM Na formate, 10-mM Na succinate, 1-µM CuSO 4 , 0.0005% Hemin, 0.00025% Vitamin K, 0.5% cystein, 0.5% K 2 HPO 4 , 0.05% Na-thioglycolate, 100-mM KNO 3 , and 0.001% resazurin. 9 WNosZ was produced in the soluble fraction. Partially purified wNosZ was obtained by cation exchange chromatography using a 1-mL Resource S column (GE Healthcare, Uppsala, Sweden), with a specific activity of 3.6-U mg ¹1 protein and a yield of 3.3-U L ¹1 culture. The enzyme activity was measured using benzyl viologen as an electron mediator. 15 µL of 10-mM benzyl viologen, 20 µL of 5-mM Na 2 S 2 O 4 , 255 µL of the substrate, and 10 µL of wNosZ were mixed anaerobically in a cuvette, and the absorbance was monitored at 600 nm. One unit of wNosZ could oxidize 1 µmol of benzyl viologen in 1 min (molecular extinction coefficient of benzyl viologen: 10.4 mM ¹1 cm
¹1
). The N 2 O-saturated solution was prepared by bubbling N 2 O gas into a 5-mM potassium phosphate buffer (PPB) (pH 6.8); it was stored in a glass vial with a non-gas permeable rubber stopper and used as a 25-mM 10 N 2 O solution.
Enzyme electrode preparation
The Lion paste enzyme ink was prepared by mixing Lion Paste W-311N, 5% Nafion, 5-mM PPB (pH 6.8), and 96-mU µL
¹1
(27 mg µL ¹1 ) wNosZ in a mass ratio of 1:1:4:4. Before the modification, the glassy carbon electrode (inner diameter: 3 mm; BAS Inc., West Lafayette, IN, USA) was polished using alumina powder (diameter: 0.05 µm). The Lion paste enzyme ink (5 µL) was deposited onto the electrode surface. After drying in air at 4°C for 2 h, the enzyme electrodes were crosslinked by exposing them to glutaraldehyde vapor for 30 min, and then washed with 10-mM TrisHCl (pH 7.0). The electrodes were incubated in a 1-mM Tris-HCl buffer (pH 7.0) to block the free aldehyde group and stored at 4°C in 100-mM PPB (pH 7.0) until use.
Electrochemical measurements
For mediated electron transfer to the glassy carbon electrode, we used 2-mM methoxy-5-methylphenazinium methylsulfate (mPMS) in 100-mM PPB (pH 7.0). Amperometric measurements were performed at ¹600 mV vs. Ag/AgCl in a three-electrode system (Lion-paste-enzyme-ink-immobilized glassy carbon working electrode, Ag/AgCl reference electrode (model RE-1; BAS), and Pt wire counter electrode) using an HSV100 electrochemical analyzer (Hokuto Denko, Tokyo, Japan).
The enzyme electrode, reference electrode, and counter electrode were attached to a 10-mL water-jacket cell (model VC-2; BAS) through holes in the Teflon μ cover. In the cell, 100-mM PPB (pH 7.0) or 100-mMPPB (pH 7.0) containing 2-mM mPMS was stirred at 150 rpm with a magnetic stirrer at 20°C. When required, the space at the top of the water jacket cell was filled with Ar gas in order to avoid oxygen. The dependence of the current on the N 2 O concentration was investigated by the addition of N 2 O solutions of various concentrations.
Storage stability of wNosZ electrode
The wNosZ electrode was incubated at 4°C in 100-mM PPB (pH 7.0) in a sealed vial filled with/without Ar gas. The current response to N 2 O gas bubbling in 2-mM mPMS containing 100-mM PPB (pH 7.0) was measured, and the response to Ar gas bubbling was subtracted from the measured response.
Temperature dependence
The wNosZ electrode reaction was measured at 2070°C using a water jacket cell. The sensor response to N 2 O bubbling was measured at different temperatures.
Substrate specificity of wNosZ electrode
The N 2 O gas that was bubbled in 100-mM PPB containing 2-mM mPMS was used as the 25-mM N 2 O solution. A sample of 250-mM KNO 3 or NaNO 2 solution in 100-mM PPB containing 2-mM mPMS was sealed in a vial, and the gas phase in the vial was Ar gas. This solution was used as the NO 3 ¹ and NO 2 ¹ samples.
Results and Discussion
Preparation of wNosZ
From 1 L of W. succinogenes culture, 0.7 g of a wet cell was obtained. After cation exchange chromatography of the soluble fraction, the wNosZ preparation exhibited a benzyl viologenmediated N 2 O reductase activity of 3.6 U mg ¹1 with an 8.3 purification fold and a 22% yield calculated from the net unit of the soluble fraction. The prepared wNosZ was then used for the sensor experiments.
Enzyme sensor for N 2 O in the presence of mPMS
We then constructed an enzyme electrochemical sensor based on wNosZ and used it for electrochemical measurements of N 2 O. Figure 1 shows the current response when Ar gas and N 2 O gas were alternately bubbled into the cell supplemented with 2-mM mPMS. When Ar gas was bubbled, a reduction current of 2 µA was recorded. When we switched to bubbling N 2 O gas, the reduction current increased to approximately 13 µA. This result demonstrated the wNosZ-catalyzed reduction of N 2 O gas using mPMS as the electron mediator; the oxidized mPMS was reduced on the electrode at ¹600 mV vs. Ag/AgCl. No significant degradation of the enzymatic activity by the glutaraldehyde crosslink was observed.
Under both anaerobic conditions and air, in the presence of an electron mediator, the correlation between the N 2 O concentration and the reduction current was investigated.
When the N 2 O solution was added to the cells, the reduction current increased (Figs. 2 and 3) . The results indicated that the N 2 O concentration could be measured by the wNosZ electrode by using mPMS as the electron mediator even in the presence of oxygen. The detection limit was around 0.1 mM under both anaerobic conditions and air. Although W. succinogenes wNosZ is oxygen insensitive, i.e., it is not inactivated by oxygen during the enzyme purification process, the responses to N 2 O were affected by oxygen. As shown in (Fig. 3) , the sensor responded to N 2 O concentrations from 0.1 mM but reached the maximum value at an N 2 O concentration of 1 mM. This might be attributed to the shortage of reduced mPMS because mPMS is auto-oxidized in the presence of oxygen. W-NosZ catalyzes N 2 O reduction along with "reduced" mPMS oxidation. At a high concentration of N 2 O, the concentration of the reduced mPMS was insufficient; therefore, the response current soon reached the maximum value. When N 2 O was added, the reduction current rapidly increased, and soon after reaching the maximum value, the reduction current decreased. The reason for this was unclear but could be speculated to be the N 2 O gas volatility from the buffer solution to the atmosphere.
Direct electron transfer enzyme sensor for N 2 O
Next, the direct electron transfer from the glassy carbon electrode to wNosZ was investigated. Figure 4A shows the current response when the Ar gas and the N 2 O gas were alternately bubbled into the cell in the absence of an electron mediator. When the Ar gas was bubbled, a reduction current of around 0.2 µA was recorded (Fig. 4A) . When we switched to the bubbling N 2 O gas, the reduction current increased to around 1.7 µA. This result clearly demonstrated that the direct electron transfer between wNosZ and the electrode occurred via the cytochrome c domain of wNosZ.
Subsequently, the correlation between the N 2 O concentration and the reduction current was evaluated under Ar atmosphere (Fig. 4B) . As the N 2 O concentration increased from 0 to 0.5 µM, the response current initially increased drastically and then gradually up to 4-mM N 2 O. Considering that the K m value of wNosZ against N 2 O has been reported to be 0.0075 mM, 8 we observed that the direct-electrontransfer enzyme sensor exhibited similar kinetics for an enzymatic reaction.
We attempted to measure N 2 O under air by direct electron transfer, but unfortunately, the sensor did not respond to N 2 O. The reason for this is unclear and further investigation is required. Figure 5A shows the specificity of the sensor. The wNosZ electrode responded to N 2 O but not to nitrate or nitrite. Figure 5B shows the temperature dependence of the wNosZ electrode response to N 2 O bubbling. The reduction current increased up to 60°C, and even at 70°C, a response was observed. In order to evaluate the (2012) sensor storage stability, the response of the wNosZ electrode incubated at 4°C to N 2 O bubbling was measured. Even in the case of the wNosZ electrode stored in air, the sensor retained 80% of the initial response (data not shown).
Properties of the wNosZ electrode
N 2 O could be quantified using the wNosZ electrode with or without an electron mediator. Using the direct-electron-transfer-type wNosZ electrode, we could construct a simple reagent-less N 2 O sensor suitable for on-site monitoring of N 2 O. Considering properties such as oxygen tolerance, high specificity, and good stability, we concluded that the wNosZ electrode was suitable for use in a practical enzyme sensor system. 
